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A B S T R A C T   
Tannins are a class of phenolic compounds commonly found in plants and studied for their bioactive and 
inhibitory enzyme properties. Cytinus hypocistis (L.) L. is a wild edible parasitic plant whose biological properties 
have been correlated with its high tannin content. Thus, studying the extraction of tannins from C. hypocistis will 
give comprehensive clues to enhance the recovery of these high added-value bioactive compounds. The present 
work applied Response Surface Methodology (RSM) to optimise tannins extraction using Heat-Assisted (HAE) 
and Ultrasound-Assisted (UAE) methods. Two three-factor Rotatable Central Composite Designs were used to 
assess the linear, quadratic, and interaction effects of the independent variables on the target responses. The 
obtained results from both extraction systems revealed high ethanol percentages as the critical factor in 
increasing tannin content. The optimum global processing conditions predicted by the polynomial models were 
95.1 min, 46.4 ◦C, and 74.3% ethanol for HAE; and 18.7 min, 327.4 W, and 69.3% ethanol for UAE. Following 
these conditions, 200 mg and 178 mg of total tannins per g of extract were recovered using HAE and UAE, 
correspondingly. Although HAE presented a higher final response, the UAE stood out as a time-saving technique.   
1. Introduction 
Tannins are one of the most abundant components extracted from 
plant biomass [1]. The first known application of tannin-rich plant 
material dates back to the Mediterranean region approximately 1500 
BCE, where they were used to prevent animal skin degradation [2]. The 
word ‘tannin’ was later introduced (1976) to describe the plant extract 
substances that can convert animal skin into leather [3]. 
Tannins classification is full of misunderstanding, inaccurate in-
terpretations, and alterations caused by improvements in the field. Some 
tanning substances cannot be called tannins, and on the other hand, 
many tannins do not possess tanning properties but are included within 
the class due to their structural characteristics and chemical properties 
[4]. Tannins are broadly classified into two groups, hydrolysable and 
condensed [5,6]. Hydrolysable tannins are esters of gallic acid (gallo-
tannins) and ellagic acid (ellagitannins) with a sugar core. In compari-
son, the non-hydrolysable oligomeric and polymeric proanthocyanidins, 
known as condensed tannins, do not possess a sugar core and are 
comprised of flavonoid units (flavan-3-ol or flavan-3,4-diol) [4,6]. The 
understanding that many tannins could be hydrolytically fractionated 
into their components led to their classification as hydrolysable. 
Nonetheless, some ellagitannins cannot be hydrolytically fractionated 
[4]. Additionally to their characteristic structural element hexahy-
droxydiphenoyl (HHDP), they present a C–C coupling of their catechin 
unit with the glycosidic part, which makes them only partially hydro-
lysable and contributed to their classification as ‘non-classified tannins’ 
[7,8]. The terms ‘complex tannins’ and flavanoellagitannins were 
established to properly group these ‘non-classified tannins’. According 
to Khanbabaee and Ree, the examples mentioned above indicate that 
dividing tannins into two groups cannot do justice to their structural 
diversity [4]. Therefore, some authors classify tannins into four groups 
based on their structural characteristics, namely: ellagitannins, gallo-
tannins, complex tannins, and condensed tannins (Fig. A.1 in supple-
mentary material) [4,9–11]. Ellagitannins correspond to those tannins 
in which at least two galloyl units are C–C coupled and do not contain a 
glycosidically linked catechin unit; gallotannins include all tannins in 
which galloyl units or their meta-depsidic derivatives are connected to 
different polyol-, catechin-, or triterpenoid units; complex tannins are 
tannins in which a catechin unit is bound glycosidically to a gallotannin 
or an ellagitannin unit; and condensed tannins are all oligomeric and 
polymeric proanthocyanidins formed by the linkage of a C-4 of one 
catechin with C-8 or C-6 of the next monomeric catechin [4]. 
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Tannin’s biosynthesis is usually associated with defensive responses 
against herbivores, pathogens, and UV radiation. These compounds are 
stored in vacuoles and can be found in a wide variety of plants. 
Condensed tannins are significantly more abundant than hydrolysable 
tannins, which are only present in a few species [12]. Cytinus hypocistis 
(L.) L. is a wild edible parasitic plant on various Cistaceae family 
members, whose biological properties (antioxidant, anti-tyrosinase, 
anti-inflammatory, and antimicrobial) have been correlated with its 
high content in hydrolysable tannins. Thus, studying the optimisation of 
hydrolysable tannins extraction from C. hypocistis will give compre-
hensive clues for the enhanced recovery of these high added-value 
bioactive compounds and their potential cosmeceutical applications 
[13]. The present work aimed at assessing and optimise the extraction of 
hydrolysable tannins from C. hypocistis using both a conventional (Heat- 
Assisted Extraction – HAE) and a sustainable extraction method (Ul-
trasound-Assisted Extraction – UAE). During conventional extraction, 
plant material is homogenised and soaked in a solvent (or mixture of 
solvents), often under constant stirring and with or without heat treat-
ment [14]. These techniques are very simple but present some disad-
vantages, such as poor efficiency or high solvent consumption. 
Contrarily, more sustainable non-conventional extraction techniques 
utilise ultrasounds, microwaves, supercritical fluids, and electrical/ 
mechanical technologies to improve the extraction efficiency and/or 
selectivity of a wide range of bioactives [15–17]. During UAE, different 
ultrasonic cavitation intensities are used to create micro-bubbles inside 
the solvent for a certain period of time; these bubbles expand and 
collapse, causing vibrations and breaking cell walls favouring the 
penetration of solvents and consequent release of target compounds 
[12]. 
The solubility of tannins is variable; it depends on the target com-
pound, and therefore, solvents with different relative polarities, such as 
water, ethanol, acetone, and/or methanol, are usually selected. 
Condensed tannins, for example, have limited solubility in polar organic 
solvents, whereas ethanol and water are the two generally used solvents 
for the extraction of hydrolysable tannins [12,18]. Solvents are key 
factors to determine the class of compounds extracted; in contrast, other 
independent variables, such as solvent ratio, temperature, pressure, 
power, and extraction time, affect compounds extraction yield and sta-
bility [19,20]. These independent variables should be combined in 
experimental designs with an appropriate optimisation method, such as 
the Response Surface Methodology (RSM). Contrarily to one-factor-at-a- 
time approaches, RSM describes the relationship between independent 
variables and one or more dependent (or response) variables, allowing 
to determine interaction effects and optimise processes using a low 
number of experimental runs [19,21]. In this study, two Rotatable 
Central Composite Designs (RCCDs) were applied to assess the linear, 
quadratic, and interaction effects of the independent variables on the 
target responses (extract weight and tannins content). A Central Com-
posite Design (CCD) is called rotatable if, at any point, the variance of 
the predicted response only depends on the distance of the point from 
the centre point of the design. All points at the same radial distance (r) 
from the centre point have the same magnitude of prediction error; the 
proper choice of α values is responsible for this uniformity [22]. 
Therefore, this study was performed to investigate and compare the 
suitability of HAE and UAE for extracting seven hydrolysable tannins 
from C. hypocistis by implementing a RCCD design coupled with RSM for 
processes optimisation. 
2. Material and methods 
2.1. Chemicals and standards 
High-Performance Liquid Chromatography (HPLC)-grade acetoni-
trile (99.9%) was acquired from Fisher Scientific (Lisbon, Portugal) and 
formic acid from Panreac (Barcelona, Spain). Phenolic compound 
standards (gallic acid and ellagic acid) were purchased from 
Extrasynthese (Genay, France). All other chemicals were of analytical 
grade and purchased from common sources. Water was treated 
employing a Milli-Q water purification system (TGI Pure Water Systems, 
Greenville, SC, USA). 
2.2. Plant material 
Cytinus hypocistis (L.) L. subsp. macranthus Wettst plants were 
collected in July 2019 from the host species Halimium lasianthum (Lam.) 
Spach subsp. alyssoides (Lam.) Greuter at three locations in Castro Daire, 
Portugal. Plant identification, characterisation, and preparation were 
conducted as previously described [23]. After lyophilisation (Zirbus 
Technonoly VaCo 10-II, Bad Grund, Germany), plant specimens were 
milled to a fine powder (~40 mesh) and stored at room temperature for 
further analysis. 
2.3. Experimental design 
Two three-factor RCCD designs were implemented to optimise the 
extraction of tannins from C. hypocistis. The two designs (for HAE and 
UAE) investigated the relationship between the independent variables 
X1 [t (min): time], X2 [T (◦C): temperature or P (W): ultrasonic power], 
and X3 [S (%): solvent ratio (% of ethanol/water, v/v)], and the 
dependent variables Y1 to Y9. These independent variables as well as the 
ranges in which they were varied (Table 1), were selected based on 
previous optimisation studies and research group experience 
[5,12,14,24–29]. Considering the selected design for a three-factor 
experimentation (X1, X2, and X3), eight (2k = 23) factorial points, six 
axial or star points (2 × 3), and six centre points were chosen. The 
software Design-Expert v11 (Stat-Ease, Inc., Minneapolis, MN, USA) was 
used to generate the 20 experimental runs by entering the factor ranges 
in terms of alphas (α = 1.68), where the α value was (8)1/4 = 1.68. Each 
variable to be optimised was coded at five levels: -1.68, -1, 0, +1, and +
1.68. The correspondence between coded and natural variables is pre-
sented in Table 1. 
2.4. Extraction methods 
For HAE, 400 mg of plant material was mixed with 20 mL of solvent 
(hydroethanolic solution at different concentrations, 0–100%). The vial 
containing the mixture was then sealed and positioned in a thermostatic 
water bath with continuous magnetic stirring. The powdered samples 
were extracted according to different time (t) and temperature (T) in-
tervals, 5 to 120 min and 25 to 95 ◦C, respectively. For UAE, 1 g of plant 
material was mixed with 50 mL of solvent (hydroethanolic solution at 
different concentrations, 0 – 100%). The beaker containing the mixture 
was processed with an ultrasonic system (CY-500, Optic Ivymen System, 
Barcelona, Spain) equipped with a titanium probe. Samples were treated 
using different ultrasonic power (P: 5–500 W; at 20 kHz frequency) and 
time (t: 2–45 min) intervals; the temperature was maintained constant 
(ice was used to prevent samples heating). Both extraction methods, 
HAE and UAE, were performed with a solid/liquid ratio of 20 g/L. The 
RSM designs comprised 20 experimental runs (performed in randomised 
Table 1 
Natural and coded values of the independent variables applied in the RCCD 
design for the optimisation of tannins extraction from C. hypocistis using RSM.  
Coded values Natural values 
HAE UAE 
t (min) T (◦C) S (%) t (min) P (W) S (%) 
-1.68 5 25 0 2 5 0 
-1 28 39 20 11 106 20 
0 62.5 60 50 23.5 253 50 
þ1 97 81 80 36 400 80 
þ1.68 120 95 100 45 500 100  
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order) planned as mentioned above. After extraction, samples were 
centrifuged at 3000g for 10 min and filtered through Whatman paper no 
4. Two millilitres of each filtrate were added to ceramic crucibles and 
used to determine the extraction yield (extract dry weight or extracted 
solids, %, w/w) by removing the solvent in an oven at 100 ◦C until 
constant weight was achieved (~24 h); the remaining filtrate was frozen 
and lyophilised for total and individual tannin quantification. 
2.5. Tannin’s quantification 
Extracts were dissolved in water/ethanol (80:20, v/v) at a 20 mg/mL 
final concentration and filtered through a 0.22 µm nylon disposable 
filter. As formerly described, the seven major tannins were analysed by 
HPLC-DAD-ESI/MSn (Dionex Ultimate 3000 UPLC, Thermo Scientific, 
San Jose, CA, USA). Tannins were characterised according to their UV 
spectra, fragmentation pattern, retention times, and comparison with 
available standards [13,30]. For quantification, seven-level calibration 
curves were obtained from the most similar commercially available 
standard compounds, namely gallic acid (y = 131538x + 292163; r2 =
0.9998; LOD = 0.68 μg/mL; LOQ = 1.61 μg/mL) and ellagic acid (y =
26719x − 317255; r2 = 0.9996; LOD = 0.10 μg/mL; LOQ = 0.48 μg/ 
mL). The results were expressed in mg tannins per g of extract (E). 
2.6. Extraction process modelling and statistical analysis 
The responses were expressed in the form of nine dependent vari-
ables (Y) and used to optimise the recovery of tannins from C. hypocistis: 
Y1, extraction yield (extract dry weight or extracted solids, %, w/w); Y2, 
mg of tetragalloyl-glucoside II per g of extract (E); Y3, mg of tetragalloyl- 
glucoside III per g of E; Y4, mg of pentagalloyl-glucoside per g of E; Y5, 
mg of galloyl-bis-HHDP-glucose II per g of E; Y6, mg of digalloyl-bis- 
HHDP-glucose II per g of E; Y7, mg of trigalloyl-bis-HHDP-glucose I 
per g of E; Y8, mg of trigalloyl-bis-HHDP-glucose II per g of E; and Y9, mg 
of tannins (total) per g of E. As extensively described by Rocha and 
colleagues [21], fitting procedures, coefficient estimates, and statistical 
verifications were performed using the software Design-Expert. The 
ANOVA (analyses of variance) was used to evaluate the significance of 
the models generated (polynomial equations), as well as the lack-of-fit. 
The test for statistical significance was performed by calculating the p- 
value from the F-value, acknowledging the significance of p-value <
0.05. Statistically non-significant terms (p-value > 0.05) were omitted to 
simplify the models (except those required to ensure hierarchy). The 
adequate precision, the coefficient of determination (R2), and the 
adjusted coefficient of determination (R2adj) were used to assess the 
adequacy of the polynomial equations to the final responses. For 
adequate precision, which measures signal-to-noise ratio, the value must 
be >4, whereas R2 and R2adj must exhibit a value close to 1, illustrating 
an agreement between the theoretical and experimental data [31]. 
3. Results and discussion 
3.1. Experimental data obtained with the two RCCDs 
In a previous study [13], a total of 17 phenolic compounds (16 
tannins and a catechin) were identified (HPLC-DAD-ESI/MSn analysis) 
in this species. The total tannin content, together with the most abun-
dant 7 hydrolysable tannins and the extraction yield, were the selected 
response variables during the present optimisation work. The HAE and 
UAE experimental results are presented in Table 2. 
The Y1 response corresponds to the extraction yield (extract dry 
weight, %, w/w). From the analysis of the experimental results for both 
methods (Table 2), it is possible to observe that the % yield and % of 
ethanol follow an inverse correlation. There is a tendency for the % yield 
to decrease as the ethanol % increases. There is a tendency for the % 
yield to decrease as the ethanol % increases. For both methodologies, the 
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ethanol v/v and UAE: 23.5 min; 253 W; 100% ethanol v/v), which 
combined medium-time and -temperature/-watts potency (α = 0) with a 
high-ethanol percentage (α = +1.68). The highest yield was obtained in 
run 3 for HAE (28 min; 81 ◦C; 20% ethanol v/v) and run 4 for UAE (36 
min; 400 W; 20% ethanol v/v). Run 3 combined medium–high -tem-
perature (α = +1) with medium–low-time and -ethanol percentage (α =
-1) and run 4 merges medium–low ethanol percentage (α = -1) with 
medium–high -time and -watts potency (α = +1). 
As presented in Table 2, the seven optimised hydrolysable tannins 
were Y2 and Y3 - two tetragalloyl-glucoside isomers (II and III), Y4, 
pentagalloyl-glucoside, Y5- galloyl-bis-HHDP-glucose II, Y6 - digalloyl- 
bis-HHDP-glucose II, Y7 and Y8 - two trigalloyl-bis-HHDP-glucose iso-
mers (I and II), and Y9 - tannins (total). From the analysis of the HAE 
experimental results for the 7 tannins (Table 2), it is possible to observe 
that, in 4 responses (Y2, Y6, Y7, and Y9), the lowest yield was obtained in 
run 13 (HAE: 62.5 min; 60 ◦C; 0% ethanol v/v), which combined 
medium-time and -temperature (α = 0) with a 0% of ethanol (α = -1.68). 
Whereas the highest yield was obtained in run 6 (HAE: 97 min; 39 ◦C; 
80% ethanol v/v), combining medium–high-time and -ethanol percent-
age (α = +1) with medium–low-temperature (α = -1). For responses Y4, 
Y5, and Y8, the highest response value was obtained in run 14 (HAE: 
62.5 min; 60 ◦C; 100% ethanol v/v), in a mixture of medium-time and 
-temperate (α = 0) with the highest ethanol percentage (α = +1.68). 
Responses Y4, Y5, and Y8 lowest experimental values were obtained in 
run 12 for Y4 and Y8 (HAE: 62.5 min; 95 ◦C; 0% ethanol v/v) and run 13 
for Y5 (HAE: 62.5 min; 60 ◦C; 0% ethanol v/v), both using 0% of ethanol 
(α = -1.68), and high (α = + 1) to medium–high-temperature (α = +
1.68), respectively. A general overview of the HAE experimental values 
revealed higher ethanol percentages as the critical factor in increasing 
the 7 hydrolysable tannins final responses (response Y2 to Y8). 
Regarding UAE (Table 2), the lowest experimental values for all 
tannins were obtained in run 13 (UAE: 23.5 min; 253 W; 0% ethanol v/ 
v), combining medium-time and -watts (α = 0) with no ethanol (α =
-1.68). Equally to HAE, in UAE, low ethanol (0%) was linked to lower 
experimental response values for tannins (Y2 to Y9). For responses Y2, 
Y3, and Y5, the highest experimental values were obtained within the 6 
centre points (UAE: 23.5 min; 253 W; 50% ethanol v/v), which com-
bined medium t, P and S (α = 0). Whereas for responses Y4 and Y9, it was 
in run 5 (UAE: 11 min; 106 W; 80% ethanol v/v), with α = -1; -1; +1, 
respectively. Run 6 (UAE: 36 min; 106 W; 80% ethanol v/v) was the best 
result for Y6 response, with α = +1; -1; +1, respectively. Finally, for 
responses Y7 and Y8, the best result was obtained in run 7 (UAE: 11 min; 
400 W; 80% ethanol v/v), with α = -1; +1; +1. Similarly to HAE, the 
UAE experimental values pointed to the ethanol percentage as the crit-
ical factor to obtain higher yields in responses Y2 to Y8. 
3.2. Models fitting and statistical verification 
The conventional one-factor-at-a-time strategies do not account for 
interactions, while RSM is a statistical tool suitable for modelling and 
optimising processes involving one or more response variables and 
determining optimal processing conditions [21,32]. To further analyse 
Table 3 
Parametric coefficients and statistical information of the model fitting procedure for both extraction methods (HAE and UAE). Parametric subscripted 1, 2 and 3 stands 
for the variables t, T/P and S, respectively.  
HAE Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 
Intercept b0 54.4 ± 0.4 26.1 ± 0.6 27.7 ± 0.6 47.3 ± 0.7 22.1 ± 0.4 22.2 ± 0.6 14.0 ± 0.3 10.3 ± 0.4 170 ± 2 
Linear effect 
b1 -0.6 ± 0.4* 1.7 ± 0.4 1.8 ± 0.5 ns -0.4 ± 0.4* 0.1 ± 0.6* -1.6 ± 0.3 -0.2 ± 0.3* 2 ± 1* 
b2 ns -0.5 ± 0.4* 4.4 ± 0.5 -10.3 ± 0.6 ns -4.5 ± 0.6 -4.1 ± 0.3 -2.4 ± 0.3 -18 ± 1 
b3 -5.5 ± 0.4 3.2 ± 0.4 5.1 ± 0.5 12.3 ± 0.6 5.7 ± 0.4 7.8 ± 0.6 4.6 ± 0.3 2.3 ± 0.3 42 ± 1 
Quadratic effect 
b11 2.4 ± 0.4 2.8 ± 0.4 ns ns 1.1 ± 0.4 2.0 ± 0.6 1.4 ± 0.3 ns 8 ± 1 
b22 ns ns 1.7 ± 05 -4.1 ± 0.5 ns ns ns -0.8 ± 0.3 -4 ± 1 
b33 ns ns -3.0 ± 0.5 4.4 ± 0.5 ns ns ns 0.6 ± 0.3 ns 
Interaction effect 
b12 ns -2.8 ± 0.6 3.0 ± 0.7 ns ns ns ns -0.8 ± 0.4 ns 
b13 ns 1.6 ± 0.6 ns ns ns ns ns 0.9 ± 0.4 ns 
b23 ns ns ns -8.2 ± 0.7 ns -3.8 ± 0.8 -2.7 ± 0.4 ns -14 ± 2 
Statistics 
Model F-value 82.48 21.86 44.24 222.00 67.67 52.95 116.74 27.55 192.24 
Model p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Lack-of-Fit 0.6565 0.0847 0.4672 0.2349 0.9957 0.1343 0.2933 0.7060 0.1944 
R2 0.9393 0.9273 0.9533 0.9875 0.9269 0.9498 0.9766 0.9525 0.9912 
R2adj 0.9279 0.8849 0.9318 0.9831 0.9132 0.9318 0.9682 0.9179 0.9860 
Ad. Precision 28.99 19.24 27.20 55.58 28.42 25.97 38.57 20.66 50.53 
C.V. (%) 2.56 5.88 6.97 4.30 6.57 9.35 6.97 10.16 2.77 
UAE Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 
Intercept b0 53.5 ± 0.5 26.0 ± 0.4 25.5 ± 0.5 41.0 ± 0.5 19.3 ± 0.3 22.1 ± 0.4 14.0 ± 0.2 8.9 ± 0.2 156 ± 2 
Linear effect 
b1 1.0 ± 0.5 ns -0.9 ± 0.4 -1.2 ± 0.4 ns -0.8 ± 0.3 -0.7 ± 0.2 -0.4 ± 0.2 -5 ± 1 
b2 6.0 ± 0.5 -0.3 ± 0.3* 0.1 ± 0.3* ns ns -0.8 ± 0.3 ns ns ns 
b3 -7.7 ± 0.5 4.3 ± 0.3 3.6 ± 0.4 11.1 ± 0.4 4.4 ± 0.3 7.2 ± 0.3 4.5 ± 0.2 2.9 ± 0.2 39 ± 1 
Quadratic effect 
b11 ns ns ns ns ns ns ns ns ns 
b22 ns -0.9 ± 0.3 -0.8 ± 0.4 ns ns -0.7 ± 0.3 ns ns ns 
b33 -1.5 ± 0.4 -2.5 ± 0.3 -3.9 ± 0.4 -4.0 ± 0.4 -2.6 ± 0.3 -2.8 ± 0.3 -2.0 ± 0.2 -0.9 ± 0.2 -20 ± 1 
Interaction effect 
b12 ns ns ns ns ns ns ns ns ns 
b13 -3.3 ± 0.6 ns ns ns ns ns ns ns ns 
b23 ns ns ns ns ns ns ns ns ns 
Statistics 
Model F-value 97.35 52.78 37.36 251.84 130.72 118.46 165.23 80.26 328.30 
Model p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Lack-of-Fit 0.1941 0.8314 0.7392 0.7002 0.9319 0.2429 0.4954 0.9365 0.9097 
R2 0.9720 0.9337 0.9452 0.9793 0.9389 0.9769 0.9687 0.9554 0.9840 
R2adj 0.9621 0.9160 0.9199 0.9754 0.9318 0.9687 0.9629 0.9435 0.9810 
Ad. Precision 36.21 24.14 22.99 53.41 36.23 38.78 44.14 31.88 62.36 
C.V. (%) 3.27 5.44 6.11 4.20 6.71 6.06 6.52 7.61 3.70 
Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl-glucoside II; Y3: tetragalloyl-glucoside III; Y4: pentagalloyl-glucoside; Y5: galloyl-bis-HHDP- 
glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl-bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins. R2: coefficient of determi-
nation; R2ajd: adjusted coefficient of determination; Ad. Precision: Adequate Precision; C.V.: coefficient of variation; ns: not significant. *Statistically non-significant (p- 
value > 0.05) terms added to maintain hierarchy. 
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the experimental values (section 3.2.), the polynomial model (Eq. 1) 
was applied to assess the impact of the independent variables on a given 
response. By fitting the second-order polynomial model to the obtained 
experimental responses, the parametric values were estimated and 
presented in Table 3. 
The coefficients exhibiting confidence interval values (α = 0.05) 
higher than the parameter value were considered non-significant (ns) 
and were not used for model development; the significant values were 
assessed at a 95% confidence level. The results of ANOVA and regression 
analyses are also presented in Table 3, whereas the developed poly-
nomial models are shown in Table 4 (Eq. 2 to Eq. 19). All models 
exhibited a non-significant (ns) lack-of-fit (p-values > 0.05) and 
adequate precision >19.2, which shows that the model equations 
adequately describe the effects of the independent variables on the final 
responses [33]. As shown in Table 3, the coefficients R2 and R2adj were 
≥ 0.92 and 0.88, respectively, indicating that each response variability 
can be explained by the independent variables involved in the extraction 
processes. Although the model coefficients are empirical and do not 
reflect physical or chemical significance, they are valuable tools to 
predict the untested experimental extraction conditions [34]. All models 
proved to be statistically adequate and were used to navigate the design 
space in the optimisation steps. 
3.3. Analysis of the theoretical response surface models 
The parametric coefficients presented of each term in the mathe-
matical models (Table 4) provide specific information on the impact of 
the linear, quadratic, and interaction effects of the independent vari-
ables (t, T/P, and S) on the extraction of tannins from C. hypocistis. The 
values express the expected change in response per unit change in factor 
value when all remaining factors are held constant. The higher the 
parametric value, the more significant is the variable term, regardless of 
its sign. Additionally, for interaction effects, a positive sign indicates a 
synergism, while a negative sign indicates an antagonism (since the 
effect of one independent variable is affected by another variable) 
[21,35]. The results are also presented as 3D response surface graphs to 
visually illustrate the independent variables effect on extraction yield 
(Fig. 1) and total tannins (Fig. 2) for both HAE and UAE methods. The 
net surfaces were built with the model equations presented in Table 4. 
For each 3D graph, the excluded independent variable was positioned at 
its optimal value (Table 5). 
The intercept is the expected mean value of Y (response) when all 
independent variables are equal to zero (X = 0). As shown in Table 3, 
although the two designs (HAE and UAE) present similar intercept 
values for all nine responses, for Y3, Y4, Y5, Y8, and Y9, the HAE values 
were slightly superior. Regarding the HAE-Y1 response, the variables S 
and t significantly affected the extraction yield. The negative linear ef-
fect of solvent (-5.5S) is perfectly illustrated by the surface curvature of 
the graphs, where this variable is represented (Fig. 1b and c). The 
positive quadratic effect of time (2.4 t2) is visible in Fig. 1a and b. Apart 
from the variables S and t, P also influenced the UAE-Y1 response. The 
variables t and P had a positive linear effect (1 t and 6P, respectively), 
which is visible in Fig. 1d; whereas S and its quadratic effect had a 
negative impact on Y1 (-7.7S and -1.5S2, respectively), evidenced by the 
curvature in graphs (d) and (e) of Fig. 1. For both methods, it was 
possible to observe the importance of the solvent (S) variable, an in-
crease in ethanol concentration presented the most significant impact 
(negative) on the two Y1 responses (Fig. 1). 
Concerning total tannins, the response surfaces obtained for HAE 
were more complex than those of UAE (Figs. 1 and 2), as predicted by 
the theoretical models (Eqs. 10 and 19 in Table 4). Considering tannins 
final responses for HAE, the linear impact of ethanol (S) was positive for 
all responses, whereas the other variables presented both positive and 
negative effects on the final responses. The linear effect of t was positive 
for responses Y2 (1.7 t) and Y3 (1.8 t), negative for Y5 (-0.4 t) and Y7 (-1.6 
t), and non-significant for Y4, Y6, Y8, and Y9. The linear effect of T was 
positive for Y3 (4.4 T), negative for Y4 (-10.3 T), Y7 (-4.5 T), Y8 (-4.1 T), 
and Y9 (-2.4 T), and non-significant for the remaining two responses (Y2 
and Y6). Concerning the quadratic effect of the independent variables t2, 
T2, and S2: t2 positively affected Y2 (2.8 t2), Y5 (1.1 t2), Y6 (2.0 t2), Y7 
(1.4 t2), and Y9 (8.0 t2) final responses; T2 affected positively the 
response Y3 (1.7 T2) and negatively Y4 (-4.1 T2), Y8 (-0.8 T2), and Y9 
(-4.0 T2); while S2 positively impacted Y4 (4.4S2) and Y8 (0.6S2) and had 
a negative effect on Y3 (-3.0S2). For all the other responses, the quadratic 
effects of the independent variables were non-significant. Finally, for the 
interaction effects of the independent variables during HAE, it was 
possible to observe that the interaction effect of T and S was either non- 
significant or had a negative effect on the tannin final responses (Y4: 
-8.2TS, Y6: -3.8TS, Y7: -2.7TS, and Y9: -14TS). The interaction effect of t 
and T negatively affected Y2: -2.8tT and Y8: -0.8tT responses; contrarily, 
it had a positive effect on Y3 (3.0tT) response. The interaction effect 
between t and S also had a positive impact on Y2: 1.6tS and Y8: 0.9tS. For 
all the other responses, the interaction effect was non-significant. 
Similarly to the values obtained for the 20 experimental runs 
(Table 3), it was possible to infer the importance of the solvent (S) 
variable on tannins final responses from the mathematical models pre-
sented in Table 4; S had the most significant impact (positive) on re-
sponses Y2 to Y9. Regarding total tannins (Y9), Fig. 2 pictures the 
positive impact of both low T, perfectly noticeable in graphs (a) and (c), 
and high S, visible in graphs (b) and (c) and graphs (e) and (f) for HAE 
and UAE, respectively. 
During the UAE method, the linear effect of the variable S was 
responsible for the only positive effect in all tannin responses (Y2 to Y9). 
UAE of total tannins (Y9) was mainly affected by the independent var-
iable S. The highest quantity of total tannins was obtained when 
C. hypocistis powder was sonicated with high ethanol percentages; this 
effect is noticeable on the surface graphs where this variable is repre-
sented (Fig. 2e and f). The ultrasonic power (P) and time (t) variables 
had a non-significant or slightly negative effect (respectively) on this 
response (Fig. 2d). Despite the positive linear effect of S, its quadratic 
effect (S2) was negative for all responses. When present, the linear effect 
of P (Y6: -0.8P) and the quadratic effect of P2 (Y2: -0.9P2; Y3: -0.8P2; and 
Y6: -0.7P2) had a minor negative or non-significant impact on all the 
final responses. The quadratic effect of S2 had a negative effect on all the 
responses, from -20.0S2 to -0.9S2. Differently, no interaction effects were 
Table 4 
The quadratic second-order polynomial model Eq. (1) and the developed poly-
nomial model Eqs. (2)–(19) expressed in coded values.  
Y = b0 + b1X1 + b2X2 + b3X3 + b11X21 + b22X22 + b33X23 + b12X1X2 +
b13X1X3 + b23X2X3  
Eq. 
(1) 
For HAE  For UAE  
Y1 = 54.4 – 0.6 t – 5.5S + 2.4 t2 Eq. 
(2) 
Y1 = 53.5 + 1.0 t + 6P – 
7.7S – 1.5S2 –3.3tP 
Eq. 
(11) 
Y2 = 26.1 + 1.7 t – 0.5 T + 3.2S +
2.8 t2 – 2.8tT + 1.6tS 
Eq. 
(3) 
Y2 = 26 – 0.3P + 4.3S – 
0.9P2 – 2.5S2 
Eq. 
(12) 
Y3 = 27.7 + 1.8 t + 4.4 T + 5.1S +
1.7 T2 – 3S2 + 3tT 
Eq. 
(4) 
Y3 = 25.5 + 0.1P – 0.9 t +
3.6S –0.8P2 – 3.9S2 
Eq. 
(13) 
Y4 = 47.3 – 10.3 T + 12.3S – 4.1 
T2 + 4.4S2 – 8.2TS 
Eq. 
(5) 




Y5 = 22.1 – 0.4 t + 5.7S + 1.1 t2 Eq. 
(6) 
Y5 = 19.3 + 4.4S – 2.6S2 Eq. 
(15) 
Y6 = 22.2 + 0.1 t – 4.5 T + 7.8S +
2 t2 – 3.8TS 
Eq. 
(7) 
Y6 = 22.1 – 0.8 t – 0.8P +
7.2S – 0.7P2 – 2.8S2 
Eq. 
(16) 
Y7 = 14.0 – 16.6 t – 4.1 T + 4.6S +
1.4 t2 – 2.7TS 
Eq. 
(8) 




Y8 = 10.3 – 0.2 t – 2.4 T + 2.3S – 
0.8 T2 + 0.6S2 – 0.8tT + 0.9tS 
Eq. 
(9) 




Y9 = 170 + 2 t – 18 T + 42S + 8 t2 – 
4 T2 – 14TS 
Eq. 
(10) 




Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl- 
glucoside II; Y3: tetragalloyl-glucoside III; Y4: pentagalloyl-glucoside; Y5: 
galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl- 
bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins. 
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Fig. 1. Response surface graphs illustrating the binary effects of the independent variables on the extraction yield (Y1: extract weight) obtained with HAE and UAE. 
In each graph, the excluded variable was fixed at its optimum response value (Table 5). 
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Fig. 2. Response surface graphs illustrating the binary effects of the independent variables on the total tannin content (Y9) obtained with HAE and UAE. In each 
graph, the excluded variable was fixed at its optimum response value (Table 5). 
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observed in the UAE process. 
Although the linear effect of the solvent (S) had the most significant 
impact on the responses for both extraction methods, the use of RSM was 
important because it allowed assessing the quadratic and interaction 
effects of the variables. Together, the parametric values of the different 
variables facilitate the determination of the optimum conditions for 
each response. 
3.4. HAE and UAE: Individual, global, and comparison of the two 
methods optimal conditions 
From the response surface graphs (Figs. 1 and 2), it is possible to infer 
that an optimal extraction value can be obtained as a single point in 
almost all combinations. Accordingly, the extraction conditions that 
lead to an absolute maximum were computed for both methods and are 
presented in Table 5. The optimal HAE conditions for tannin recovery 
were mainly characterised by longer extraction times (27.3 to 104 min) 
and medium to high temperatures (44.1 to 83 ◦C). Regarding the sol-
vent, the recovery of tannins from C. hypocistis was favoured by higher 
ethanol percentages (65.9 to 98.8%, v/v), which is easily perceived on 
the response surface graphs of Fig. 2. The optimal UAE conditions for 
tannin recovery were characterised by short extraction times (9.3 to 
28.4 min), medium to high ultrasound power (184.8 to 456 W), and 
increased ethanol percentages (64.4 to 77%, v/v). Since the industrial 
sector is interested in natural extracts, it is important to optimise pro-
cesses to obtain higher amounts of both extract weight and tannins using 
sustainable extraction methods. The global conditions that simulta-
neously maximise the extraction yield and the total tannins content were 
also determined by selecting “maximize” for these response variables 
and giving them equal “importance” in the Design-Expert analysis 
(Table 5). Based on this second optimisation step, 95.1 min processing at 
46.4 ◦C with 74.3% ethanol (v/v) and 18.7 min of sonication at 69.3 W 
using 69.3% ethanol (v/v) were the optimal HAE and UAE conditions, 
respectively, that maximised the target response variables. 
The HAE and UAE were compared to determine which method is the 
most suitable to facilitate tannin recovery. For intracellular extraction, 
UAE has shown some advantages over HAE [36], herein demonstrated 
by significantly shorter processing times. According to previous reports, 
acoustic cavitation promotes solvent penetration into the plant material 
and consequent release of compounds, enhancing mass transfer faster 
than when using temperature as intensification factor [36]. It is also 
interesting to note that, although the lower ethanol concentrations gave 
rise to higher extraction yields (possibly due to greater recovery of 
water-soluble carbohydrates), the highest levels of tannins were ach-
ieved using higher ethanol concentrations (Fig. 3). Therefore, the vari-
able solvent effectively contributed to the selectivity of the extraction 
processes. These results are supported by those previously reported by 
Liang and colleagues [37], who optimised heat reflux and UAE methods 
to recover hydrolysable tannins from water caltrop (Trapa quadrispinosa) 
pericarps and also found UAE as a time and energy-saving method when 
compared to heat reflux. The high temperature in heat reflux led to 
compounds degradation, also verified in the present study for HAE 
(Fig. 3). The authors also reported ethanol/water mixtures (60:40, v/v) 
as preferable to other organic solvents. 
3.5. Experimental validation of the predictive models 
The global HAE and UAE conditions that maximise both the 
extraction yield and the recovery of tannins from C. hypocistis were 
experimentally tested to evaluate the predictive accuracy of the theo-
retical models. The experimental data for extraction yield and total 
tannins were in good agreement with the model-predicted values, as 
confirmed by the post-analysis verification performed using the Design- 
Expert software (α = 0.05). The HAE and UAE processes yielded 54 ±
1% and 52 ± 2% of extract weight, values that did not differ significantly 
from the predicted 53 ± 1% in both cases (Table 5). Furthermore, while 
each gram of extract obtained by HAE contained 200 ± 4 mg of total 
tannins, the UAE resulted in 178 ± 8 mg of target total tannins. The 
predictive capacity of the mathematical models was thus experimentally 
validated for these dependent variables. However, despite the good 
agreement for the extraction yields and total tannin contents obtained 
with the two extraction methods, the contents of some of the individual 
compounds were not within the model-predicted values, as shown in 
Table A.1 provided in the supplementary material. 
4. Conclusions 
The present study demonstrated the capacity of the tested methods to 
extract tannins from C. hypocistis successfully. HAE offered slightly 
higher response values but required a longer processing time than UAE 
(95.1 versus 18.7 min, respectively). As intensification factor, HAE 
needed 46.4 ◦C and UAE, 327.4 W. Both methods required high ethanol 
percentages, 74.3% and 69.3%, respectively, to simultaneously maxi-
mise the extract weight and tannin content. Although the ethanol per-
centage was the most relevant variable in both extraction processes, all 
three tested independent variables (t, T/P, and S) induced significant 
effects on the analysed responses, justifying the use of RSM. The optimal 
conditions (individual and global) will be further compared on their 
bioactive properties since the bioactive effect of tannins is highly 
dependent on each compound concentration and the synergies estab-
lished between molecules. 
A solid/liquid ratio screening will also be of interest to improve the 
process profitability with minimal solvent consumption. Furthermore, 
to draw more conclusions regarding the eco-efficiency of the developed 
processes, it will be essential to determine the associated energy inputs/ 
costs. 
Table 5 
Optimal HAE and UAE conditions expressed as natural values that lead the in-
dividual and grouped dependent variables to optimal response values.   
Optimal HAE conditions Optimum response  
t (min) T (◦C) S (ethanol %, v/v)  
For each response variable  
Y1 27.3 45.5 0.0 67 ± 1% (w/w) 
Y2 104.0 51.3 65.9 36.4 ± 0.9 mg/g E 
Y3 79.0 83.0 69.9 39.5 ± 0.9 mg/g E 
Y4 62.5 48.7 83.7 76 ± 1 mg/g E 
Y5 57.8 60.0 95.9 30.9 ± 0.8 mg/g E 
Y6 89.9 50.7 96.1 40 ± 1 mg/g E 
Y7 29.3 44.1 82.5 27.3 ± 0.6 mg/g E 
Y8 70.8 48.0 85.4 16.6 ± 0.6 mg/g E 
Y9 65.7 52.1 98.8 245 ± 3 mg/g E 
Considering all response variables  
Y1 95.1 46.4 74.3 53 ± 1% (w/w) 
Y9 203 ± 3 mg/g E  
Optimal UAE conditions   
t (min) P (W) S (ethanol %, v/v)  
For each response variable  
Y1 28.4 456.0 22.7 69 ± 1% (w/w) 
Y2 9.3 217.8 71.1 27.8 ± 0.4 mg/g E 
Y3 17.4 289.1 64.4 26.9 ± 0.5 mg/g E 
Y4 19.8 274.9 76.2 48.0 ± 0.5 mg/g E 
Y5 15.7 240.2 70.9 21.1 ± 0.4 mg/g E 
Y6 19.1 184.8 76.0 26.7 ± 0.5 mg/g E 
Y7 18.3 231.4 74.2 16.6 ± 0.3 mg/g E 
Y8 18.8 208.6 77.0 10.9 ± 0.2 mg/g E 
Y9 19.5 405.1 72.4 176 ± 2 mg/g E 
Considering all response variables  
Y1 18.7 327.4 69.3 53 ± 1% (w/w) 
Y9 173 ± 2 mg/g E 
Response variables: Y1: extraction yield (extract weight); Y2: tetragalloyl- 
glucoside II; Y3: tetragalloyl-glucoside III; Y4: pentagalloyl-glucoside; Y5: 
galloyl-bis-HHDP-glucose II; Y6: digalloyl-bis-HHDP-glucose II; Y7: trigalloyl- 
bis-HHDP-glucose I; Y8: trigalloyl-bis-HHDP-glucose II; and Y9: total tannins. 
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Fig. 3. 2D response graphs for the effects of the independent variables on the extraction yield (Y1: extract weight) and total tannin content (Y9) obtained with HAE 
and UAE. In each graph, the excluded variables were fixed at their optimal value (Table 5). 
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